We develop a density functional theory and investigate the interfacial tension of several pure substances N 2 , CO 2 , H 2 S, normal alkanes from C 1 to nC 10 , and binary mixtures C 1 / C 3 , C 1 / nC 5 , C 1 / nC 7 , C 1 / nC 10 , CO 2 / nC 4 , N 2 / nC 5 , N 2 / nC 6 , N 2 / nC 8 , N 2 / nC 10 , nC 6 / nC 7 , nC 6 / nC 8 , and nC 6 / nC 10 . The theory is combined with the semiempirical Peng-Robinson equation of state ͑PR-EOS͒. The weighted density approximation ͑WDA͒ is adopted to extend the bulk excess Helmholtz free energy to the inhomogeneous interface. Besides, a supplementary term, quadratic density expansion ͑QDE͒, is introduced to account for the long-range characteristic of intermolecular dispersion attractions, which cannot be accurately described by the WDA. In the bulk limit, the QDE vanishes and the theory is reduced to the PR-EOS. For pure substances, the potential expansion parameter is the only adjustable parameter in the QDE and determined by using a single measured interfacial tension at the lowest temperature examined. Then without any parameter adjustment, we faithfully predict the interfacial tensions of pure substances and mixtures over a wide range of conditions.
I. INTRODUCTION
The significance of the interfacial tension between two fluid phases has been well recognized in broad areas of scientific research and engineering applications ͑e.g., capillarity, wetting, adsorption, nucleation, micellization, microemulsion, extraction, distillation, and surface modification͒. For instance, in reservoir engineering the accurate estimation of the interfacial tension ͑which is necessary to calculate the capillary pressure͒ greatly affects the calculation of flow process in fractured hydrocarbon reservoirs. In recent years, the inhomogeneous statistical thermodynamics particularly the density functional theory ͑DFT͒ and the density gradient theory ͑DGT͒ have found broad applications in correlating and predicting the interfacial tension of various fluids.
DFT represents the most promising tool for numerous practical applications owing to its outstanding versatility, rigorous thermodynamic foundation, and high accuracy and efficiency for calculations. The basic formalism and broad applications of DFT have been discussed comprehensively by previous reviews. [1] [2] [3] DFT is based on the subtle representation of various intermolecular interactions ͑e.g., short-range repulsions, van der Waals attractions, electrostatic forces, and chemical associations͒ and molecular architectures to formulate the Helmholtz free energy as the functional of spatially inhomogeneous molecular distributions. Theoretically, DFT is applicable to both bulk and interfacial problems in a self-consistent manner. Various versions of DFT have been used to investigate the interfacial phenomena of model and real fluids containing polar and neutral substances, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] polymers, [19] [20] [21] [22] colloids, [23] [24] [25] electrolytes, 26 surfactants, [27] [28] [29] [30] [31] [32] liquid crystals, 33 and lipid bilayers. 34 However, for the real systems of our particular interest reservoirlike fluids consisting of hydrocarbons, N 2 , CO 2 , H 2 S, and sometimes water, DFT at the current stage only exhibits very limited success especially in application to mixtures. For these reservoirlike fluids, most of the existing DFT versions can be reduced to the statistical associating fluid theory ͑SAFT͒ and its derivatives. [6] [7] [8] [9] [10] [11] Unfortunately, SAFT has not been widely used in petroleum production and reservoir engineering calculations because the traditional cubic equations of state such as the Peng-Robinson ͑PR͒ and Soave-Redlich-Kwong ͑SRK͒ equations have higher accuracy and less mathematical complexity. In particular, SAFT demonstrates very poor performance when applied to water-containing fluids. For water/ hydrocarbon mixtures the deviation of SAFT results from experiments can be as high as several orders of magnitude in the calculation of the mutual solubilities. [35] [36] [37] [38] [39] Even for nonaqueous mixtures, the bulk and interfacial properties still cannot be described simultaneously by SAFT-DFT using the same set of parameters, which leads to the thermodynamic inconsistency. As a consequence, all the SAFT-DFT articles focus on the correlation and prediction of the interfacial tension of pure substances only. We are not aware of any successful DFT work, which can properly represent both bulk and interface of even binary real fluid mixtures.
DGT has been more widely used in the investigation of interfacial problems of real fluids than DFT owing to its flexibility. Although DGT can also describe the nonuniform distribution of molecules across the interface, unlike DFT, DGT is more like a phenomenological approach and is not required to explicitly describe various molecular interactions and molecular configurations. DGT is not a self-consistent theory because it introduces an adjustable interface-specific parameter, the influence parameter, to correlate the interfacial tensions for pure substances. For mixtures, the cross effect can be approximated by using simple mixing rules to combine the influence parameters of different components. Theoretically, the Helmholtz free energy of homogeneous fluids in DGT can be derived from various EOSs. SAFT, [40] [41] [42] [43] [44] cubic-plus-association ͑CPA͒, 45, 46 and conventional cubic equations such as PR and SRK ͑Refs. 47-53͒ have been used in DGT to estimate the interfacial tension of different real systems including the reservoirlike fluids. However, some intrinsic deficiencies severely limit further extensions and applications. As an example, similar to SAFT-DFT, SAFT-DGT also has the problems of accuracy, complexity, and inconsistency. In DGT based on CPA and cubic equations, the influence parameter of a pure substance exhibits strong temperature dependency and theoretically is only valid when the temperature is lower than the critical point of that substance. As a result, there is no consistent way to estimate the influence parameters of a mixture if one and more components are supercritical.
In this work, we propose a DFT approach combined with the PR-EOS. The PR-EOS ͑Ref. 54͒ has been widely applied in compositional reservoir simulators for phase equilibrium calculations in hydrocarbon mixtures. We adopted the weighted density approximation ͑WDA͒ 55 and quadratic density expansion ͑QDE͒ 56, 57 to describe the inhomogeneity of the interface. The "potential expansion parameter" determined from a single measurement of interfacial tension only depends on species. In the bulk limit, the theory is reduced to the PR-EOS. Strictly speaking, our theory is also a phenomenological approach and not self-consistent, which is similar to DGT. However, our proposal leads to accurate prediction of the interfacial tension of several representative pure substances including N 2 , CO 2 , H 2 S, and normal alkanes from C 1 to nC 10 , and their binary mixtures including C 1 / C 3 , C 1 / nC 5 The remainder of this article is organized as follows. We first describe the basic formulation of our theory. Next we examine the performance through direct comparison with the experiments of the interfacial tension of pure substances and binary mixtures. We also investigate the effects of pressure, temperature, and hydrocarbon species on the distributions of density and composition across the interface. Finally the main results and conclusions are summarized.
II. THEORETICAL BACKGROUND
For the fluid mixtures, the grand potential ⍀͓͕ k ͑r͖͔͒, which is the free energy of an open system, is related to the Helmholtz free energy functional F͓͕ k ͑r͖͔͒ by the Legendre transformation
where dr is the differential volume, and k ͑r͒, k , and ⌽ k ͑r͒ are the density profile, chemical potential, and external potential of component k, respectively. For the interfacial problem studied in this work, ⌽ k ͑r͒ vanishes.
The Helmholtz energy functional F͓͕ k ͑r͖͔͒ can be further decomposed into the ideal-gas term without the intermolecular interactions and the excess term accounting for the intermolecular interactions leading to the thermodynamic nonideality, i.e.,
The functional of the ideal-gas term is known exactly as
͑3͒
where ␤ =1/ ͑k B T͒ with k B and T being the Boltzmann constant and the absolute temperature, respectively. The general expression of the excess Helmholtz energy functional due to the physical interactions can be given by
where ph ͓͕ k ͑r͖͔͒ is the reduced excess Helmholtz energy density functional due to the physical contributions. In this work, the physical interactions are described by the PR-EOS. 54 In the bulk limit, i.e., k ͑r͒ = k b ,
is the total number density of bulk, a and b are the energy and volume parameters of the mixture, which can be estimated by applying the van der Waals quadratic mixing rules:
where x k , a k , and b k stand for the mole fraction, energy parameter, and volume parameter of component k, respectively; k ij is the binary interaction coefficient ͑BIC͒ between components i and j. For nonassociating fluid mixtures, a k and b k can be determined from the critical properties and acentric factor of individual components,
where T rk , T ck , P ck , and k denote the reduced temperature, critical temperature, critical pressure, and acentric factor of component k, respectively. In order to extend Eq. ͑5͒ to the inhomogeneous interface, we assume that the molecules of all the components can be coarse grained as spherical particles and have hard cores and adopt the WDA. Although the alternatives of the weight functions can be chosen, we simply "borrow" two weight functions from Rosenfeld's fundamental measure theory, 55 which mathematically represent the "geometrical properties" of molecules and replace k b and k = b k k b / 4 by the weighted densities n 0k ͑r͒ and n 3k ͑r͒, which are defined as
where ␦͑r͒ is the Dirac delta function and ͑r͒ is the Heaviside step function. k is the "effective diameter" of compo-
can be then expressed as
where n 0 = ͚ k n 0k and n 3 = ͚ k n 3k . WDA should sufficiently describe the short-range characteristic of repulsions. However, it may not adequately represent the long-range characteristic of intermolecular dispersion attractions. Therefore, beyond WDA for the short-range repulsions and only partially for the long-range attractions, we add a supplementary term, which is the potential expansion by using the QDE ͑Refs. 56 and 57͒ on the mean-field level to describe the long-range correlations of intermolecular dispersion attractions
where the pair potential u ij pe ͑r͒ is modeled by the attraction part of Lennard-Jones potential, i.e.,
where ij pe and ij are the potential expansion parameter and cross molecular diameter between components i and j. In this work, it is found that simple combining rules, i.e., ij pe = ͱ i pe j pe and ij = ͑ i + j ͒ / 2, are sufficient enough to provide accurate predictions for the interfacial tension of nonassociating fluid mixtures. The temperature-independent potential expansion parameter of each individual component k pe can be determined from the interfacial tension of a pure substance at a single temperature. In the bulk limit, F pe ex vanishes and therefore does not affect the bulk properties. The local density approximation has also been tried to extend the bulk excess Helmholtz energy density to the inhomogeneous interface. However, the interfacial density profiles from LDA + QDE exhibit very sharp steplike transitions for pure water at low temperatures. On the contrary, WDA+ QDE can drastically smooth the density profiles across the interface.
At equilibrium, the grand potential reaches its minimum,
i.e., ␦⍀ / ␦ k ͑r͒ = 0, and the equilibrium density profile satis-
͑11͒
The interfacial tension ␥ is related to the equilibrium grand potential ⍀ eq and the system pressure p by
where V and A stand for the volume and interface area, respectively.
III. RESULTS AND DISCUSSION
We first study the interfacial tension of several pure substances N 2 , CO 2 , H 2 S, and normal alkanes from C 1 to nC 10 . The only adjustable parameter in our theory is the potential expansion parameter k pe , which has the unit of energy. It is determined from the interfacial tension of the lowest temperature examined. Then we predict the interfacial tensions of other temperatures.
In Figs. 1-3 , we present the predicted interfacial tensions of the pure substances The experiments are from Refs. 60-62. Despite that k pe is estimated from one temperature only, the interfacial tensions in the whole examined temperature range are nearly perfectly reproduced by our theory. Away from the critical point the relationship between the interfacial tension and temperature is nearly linear. In the critical region, the interfacial tension decrease with temperature is slowed down. Although it has been known widely that the PR-EOS cannot provide accurate predictions of the liquid densities, with one adjustable parameter k pe determined from a single measurement, the interfacial tension can be predicted accurately over a wide temperature range. In Table I , we exhibit the potential expansion parameter k pe for all the substances studied in this work. For normal alkanes, k pe systematically increases with the carbon number.
Based on the potential expansion parameters presented above without any adjustments, we predict the interfacial tension of binary fluid mixtures C 1 / C 3 , C 1 / nC 5 , C 1 / nC 7 , C 1 / nC 10 , CO 2 / nC 4 , N 2 / nC 5 , N 2 / nC 6 , N 2 / nC 8 , N 2 / nC 10 , nC 6 / nC 7 , nC 6 / nC 8 , and nC 6 / nC 10 for a wide range of temperature and pressure conditions. As the input of DFT, the bulk phase equilibrium is calculated from the PR-EOS. 54 As suggested by Arbabi 63 and Arbabi and Firoozabadi 64 the BICs between C 1 and C i for the PR-EOS are temperatureindependent and given by k ij = 0.0289 + 1.633 ϫ 10
where M W is the molecular weight of C i in the unit of "g/ mol." The BICs between C i and CO 2 and between C i and N 2 are approximately constant and equal to 0.15 and 0.1, respectively. For other binary mixtures, the BICs are set to be zero. At a given temperature, the experimental data of interfacial tension should be extrapolated to the interfacial tension of the least volatile component when the pressure decreases to the saturation pressure of that component. At that pressure, all the volatile components are vaporized from the liquid phase. The vapor-liquid equilibrium is for the pure least volatile component and the interfacial tension is reduced to that of the least volatile component. By applying this lowpressure criterion, we verify the validity of the experiments. The data of C 1 / C 3 mixture reported by Weinaug 68 can be extrapolated to those of nC 4 at 344.3 and 377.6 K, but are slightly low at low pressures at temperature of 319.3 K.
In Figs. 4-10 , we present the comparison between our DFT predictions and the experiments of interfacial tension as function of pressure for various binary mixtures at various temperatures. In general, our theory faithfully reproduces the experiments. It should be noted that our theory can predict the crossover from 319.3 and 344.6 K for CO 2 / nC 4 mixture at high pressures. It has to be pointed out that the agreement deteriorates for N 2 / nC 5 and N 2 / nC 6 at high pressures. The deviation is possibly due to the use of a constant BIC between N 2 and various hydrocarbons ͑0.1͒; the bulk phases may not be well described by a constant BIC. The expression for solving the equilibrium density profiles does not converge for the C 1 / nC 10 mixture at 310.93 K when the pressure exceeds 221 bar. The same problem arises in predicting the interfacial tension for the CO 2 / nC 10 and CO 2 / nC 4 / nC 10 mixtures. 69, 70 For the former only a few points at low pressures are obtained but the agreement is excellent. For the latter we do not get results. We suspect that the convergence issue can be resolved by using a more advanced iteration algorithm than the Picard method used in this work. Figure 11 displays the effect of pressure on the profiles of densities and mole fractions across the interface for the C 1 / nC 7 mixture at 338.71 K. Our DFT predicts the smooth change of the profiles across the interface. Away from the interface, the profiles reduce to those of bulk equilibrium phases. All the profiles become flatter and the interface becomes thicker as the pressure increases due to the closeness to the critical point. The profiles of the density of C 1 and of the overall density monotonically increase with the pressure. The density and mole fraction profiles of nC 7 decrease on the liquid side but increase on the vapor side with the pressure; the trend is opposite to the mole fraction profiles of C 1 . As a result, these three sets of profiles exhibit a crossover at the interface. The density profiles of C 1 depict a nonmonotonic behavior at the interface, which becomes weaker when the pressure is higher. The mole fraction profiles on the liquid side are more sensitive to the pressure than those on the vapor side.
In Fig. 12 , we study the temperature effect on the profiles of densities and mole fractions across the interface for the C 1 / nC 7 mixture at 151.69 bar. The increase in the temperature can also flatten all the profiles and widen the interface because of the approach to the critical point. Compared to Fig. 11 , the temperature and pressure have the same effect on the density profiles of nC 7 , but have the opposite effect on the profiles of the density of C 1 and of the overall density. The nonmonotonic variation at the interface appears on the profiles of the density of C 1 and of the overall density and 
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becomes weaker with the increase in temperature. Different from Fig. 11 , the mole fraction profiles on the vapor side are more sensitive to temperature. Figure 13 presents the influence of the hydrocarbon species on the profiles of densities and mole fractions across the interface for the N 2 /hydrocarbon mixtures at 313.15 K and 101 bar. The mole fraction profiles and the density profiles on the vapor side are not sensitive to the hydrocarbon species while the density profiles on the liquid side are significantly affected. As the carbon number of the hydrocarbon species increase, the density profiles on the liquid side monotonically decrease, but the nonmonotonic behavior for N 2 at the interface is strengthened. The nonmonotonicity also appears on the overall density profile of the N 2 / nC 10 mixture.
The most striking features shown in Figs. 11-13 are the higher density of the volatile component in the interfacial layer than that in the adjoining bulk phases. The accumulation of the volatile component at the interface is called surface excess. The most representative example of surface excess is the accumulation of surfactant molecules at the water/ oil interface. It has also been observed in molecular FIG. 8 . ͑Color online͒ Same as Fig. 4 simulation. 71, 72 For the vapor-liquid interface considered in this work, the magnitude of surface excess of volatile component is primarily determined by the strength of the dispersion attractions from the heavy component of the liquid side. For C 1 / nC 7 mixtures ͑Figs. 11 and 12͒, the surface excess of C 1 is strengthened with the decrease in the pressure or temperature due to the increased density of nC 7 in the liquid phase. For N 2 /hydrocarbon mixtures ͑Fig. 13͒, the enhanced surface excess of N 2 is observed in the sequence of nC 5 , nC 6 , nC 8 , and nC 10 because the heavier hydrocarbon molecules have stronger dispersion attractions with N 2 molecules.
IV. CONCLUSIONS
We propose a DFT and demonstrate its application in the study of interfacial tension of pure substances and binary mixtures. The WDA is adopted to extend the excess Helmholtz free energy for the PR-EOS to the inhomogeneous interface. In addition, we also introduce the potential expansion by using the QDE to account for the long-range correlations primarily due to the dispersion attractions. The resulting theory does not affect the predictions of the bulk properties.
The pure substances studied in this work are N 2 , CO 2 , H 2 S, and normal alkanes from C 1 to nC 10 . Our theory contains only one adjustable parameter for each substance, the potential expansion parameter, which is used in the QDE. It can be determined from one single measured interfacial tension. In this work we use the measurement at the lowest temperature to estimate it. Then the interfacial tensions at other temperatures including the critical region are successfully predicted.
With the potential expansion parameters of pure substances, our theory faithfully predicts the interfacial tension of several binary mixtures C 1 / C 3 , C 1 / nC 5 13 . ͑Color online͒ Profiles of ͑a͒ density of N 2 , ͑b͒ density of hydrocarbon, ͑c͒ overall density, ͑d͒ mole fraction of N 2 , and ͑e͒ mole fraction of hydrocarbon at 313.15 K and 101 bar for N 2 / nC 5 ͑solid͒, N 2 / nC 6 ͑dash͒, N 2 / nC 8 ͑dotted͒, and N 2 / nC 10 ͑dash-dotted͒ mixtures.
our model for mixtures. We also study the effects of pressure, temperature, and hydrocarbon species on the profiles of densities and mole fractions across the interface. For some mixtures the solution of equilibrium density profiles does not converge by using the simple Picard algorithm. We suspect this issue can be resolved by using more advanced algorithms.
Water-containing mixtures especially water/hydrocarbons and water/CO 2 are of great interest in enhanced oil recovery by steam injection and CO 2 sequestration. However, the existing methods in the literature only exhibit very limited success due to the extreme nonideality of such mixtures. Recently, we proposed a CPA approach, which can successfully capture the phase behavior and thermodynamic properties of water-containing fluids. 58, 59 The theoretical framework developed in this article enabled us to accurately describe both interfacial and bulk properties of watercontaining mixtures simultaneously. By using WDA+ QDE our CPA has been used to faithfully predict the interfacial tension of pure water and water/CO 2 mixtures under a wide temperature range. The prediction of the interfacial tension of water-containing mixtures will be the subject of a forthcoming publication.
